We have designed and synthesized NaGdF 4 , Tm 3+ triple-doped NaGdF 4 NCs exhibit a broad range of photoluminescence peaks covering a near infrared first/second window (860-900, 1,000, and 1,060 nm), and visible emission including blue (475 nm), green (520 and 542 nm) and yellow (587 nm) after excitation at 800 nm. A mechanism involving circulation of energy over Gd 3+ sublattices as bridge ions and final trapping by the initial activator ions (Nd 3+ ) has been proposed. Penetration depth studies indicate that NIR emission is easily detected even at a large tissue thickness of 10 mm. These paramagnetic nanophosphors demonstrate a large magnetization value of 1.88 emu/g at 20 kOe and longitudinal relaxivity value of 1.2537 mM -1 ·S -1 as a T 1 -weighted magnetic resonance imaging contrast agent. These NaGdF 4 :Nd 3+ , Yb 3+ , Tm 3+ NCs are promising for applications in biological and magnetic resonance imaging.
, Yb 3+ , Tm 3+ nanocrystals (NCs) with an average size of 21 nm were synthesized using a solvothermal approach. Nd 3+ , Yb 3+ , Tm 3+ triple-doped NaGdF 4 NCs exhibit a broad range of photoluminescence peaks covering a near infrared first/second window (860-900, 1,000, and 1,060 nm), and visible emission including blue (475 nm), green (520 and 542 nm) and yellow (587 nm) after excitation at 800 nm. A mechanism involving circulation of energy over Gd 3+ sublattices as bridge ions and final trapping by the initial activator ions (Nd 3+ ) has been proposed. Penetration depth studies indicate that NIR emission is easily detected even at a large tissue thickness of 10 mm. These paramagnetic nanophosphors demonstrate a large magnetization value of 1.88 emu/g at 20 kOe and longitudinal relaxivity value of 1.2537 mM -1 ·S -1 as a T 1 -weighted magnetic resonance imaging contrast agent. These NaGdF 4 :Nd 3+ , Yb 3+ , Tm 3+ NCs are promising for applications in biological and magnetic resonance imaging.
Introduction
Fluorophores are one of the powerful non-invasive imaging probes and are used for visualizing morphological details of bio-species from living cells, tissues and animals with subcellular resolution [1, 2] . However, the spatial resolution is limited by tissue penetration depth because of high absorption and scattering as well as autofluorescence that occurs in biological tissues [3] . To overcome these problems, the "biological transparency window" in the near-infrared range at 750-850 nm, called the first near-infrared window (NIR I), not only allows for improved photon penetration through tissue but also minimizes the effects of tissue autofluorescence and light scattering [4, 5] . Many commercially available probes lie within this region including commonly used cyanine dyes such as indocyanine green (ICG) and Cyanine 5.5 [6, 7] . Unfortunately, their applications are limited by their high photobleaching rate when used in high intensity cell imaging studies. Moreover, the organic dyes are vulnerable to chemical and metabolic degradation impeding long-term cell tracking experiments [8] . The second near-infrared window (NIR II at 1,000-1,400 nm) is promising due to deep light penetration, minimal autofluorescence and negligible light scattering, which could significantly improve the signal-to-noise ratio [9, 10] . Simulation and modeling studies have predicted that fluorophores at the NIR II window have higher tissue penetration than those at the NIR I window [9, 11] . Currently, there is a scarcity of available alternatives emitting in this beneficial region. Quantum dots (QDs) such as Ag 2 S, PbSe, PbS, CdHgTe, and single-walled carbon nanotube are other candidates for imaging in NIR II [12] [13] [14] [15] [16] [17] [18] . However, the potential in vivo toxicity and flickering emission of these NIR-emitting QDs limits their biomedical application [19] .
Rare-earth (RE) ion (typically trivalent) doped nanocrystals (NCs) have attracted great interest due to their narrow emission band widths, long luminescence lifetimes, biocompatibility, and nontoxicity giving rise to potential applications in diverse fields such as bio-imaging [20] [21] [22] [23] [24] [25] [26] [27] [28] and solid-state phosphors for displays [29] [30] [31] . To date, multifunctional NCs that exhibit two or more different properties are highly desirable for many important technological applications such as multifunctional imaging, and simultaneous diagnosis and therapy due to their versatile functionality [20] [21] [22] . The Nd 3+ ion with an absorption around 800 nm is considered as a good candidate to achieve high downconversion (DC) quantum efficiency and significantly improve the penetration depth for deep-tissue imaging due to the NIR DC emission around 850-1,100 nm [32, 33] . Besides, Nd 3+ ions under excitation at 800 nm can also overcome the overheating issues associated with the upconversion (UC) sensitizer Yb 3+ ions under excitation at 980 nm in the UC process [34] [33] has shown that the DC signal from Nd 3+ sensitized dual-mode nanomaterials can still be detected even from the back side of a mouse under excitation at 800 nm and the heating effect of 800-nm light is obviously lower than that of 980-nm light at the same power density. This proof-of-concept experiment suggested that the 800 nm excited low thermal effect UC/DC dual-mode nanoprobe not only can be used for NIR (800 nm)-to-visible (540 nm) in vitro bioimaging, but also shows great penetration depth at the "NIR biological window" in in vivo imaging. Moreover, when these fluorescent NCs are co-doped with gadolinium ions (Gd 3+ ), they are capable of being used as magnetic resonance imaging (MRI) contrast agents facilitating an excellent spatial resolution and depth for in vivo imaging [27, 28] .
Here, we report the successful synthesis of tripledoped NaGdF 4 After stirring at room temperature for twenty minutes, the mixed reactants were transferred into a 60 mL autoclave, sealed and heated at 190 °C for 12 hours. The system was then allowed to cool to room temperature. The products were deposited at the bottom of the vessel. The precipitate was washed with ethanol several times. A similar synthesis process was also employed for NaYF 4 :Nd 3+ (3 mol%), Yb 3+ (2 mol%), Tm 3+ (0.2 mol%) NCs. The NCs were dispersed in hexane for TEM and UV-vis-NIR absorption characterization, and were dried in a vacuum oven at 60 °C for 4 h for X-ray diffraction (XRD), photoluminescence spectra and decay curves measurements. 
Preparation of aqueous dispersions of

mol%) NCs
Oleate-capped NCs were dispersed in 10 mL of hexane in a vial. 0.1 M HCl and 20 mL of deionized water was then added, decreasing the pH value to 2. The mixture was sonicated for about 0.5 h while maintaining the pH value at 2 by adding 0.1 M HCl every 10 min. The carboxylate groups of the oleate ligand were gradually protonated to yield oleic acid. After completion of this process, the aqueous solution was mixed with diethyl ether to remove the oleic acid by extraction. The procedure was repeated four times until the solution become totally transparent. The ligand-free NCs were finally dispersed in deionized water for MRI experiments.
Characterization and measurements
The powder XRD patterns of the synthesized samples were recorded using a Rigaku Ultima III diffractometer with Cu Ka radiation operating in a parallel-beam geometry. The nanoparticles were characterized using a high-resolution transmission electron microscope (JEM-2100). NaGdF 4 :Nd 3+ , Yb 3+ , Tm 3+ NCs were separated by diluting them in hexane and were dropped onto holey carbon film supported on 400-mesh copper grids. Inductively coupled plasma atomic emission spectrometry (ICP-AES) (Optima 7300DV) was used to determine Gd 3+ , Nd 3+ , Yb 3+ , and Tm 3+ contents in NaGdF 4 :Nd 3+ (3 mol%), Yb 3+ (2 mol%), Tm 3+ (0.2 mol%) NCs. The photoluminescence spectra and decay curves of the samples were measured using a steadystate/lifetime spectrofluorometer (JOBIN YVON, FLUOROLOG-3-TAU), in conjunction with an 800 nm laser diode. For photoluminescence measurements, finely powdered phosphor samples were pressed into a square cell volume of approximately 14 mm × 7 mm × 2 mm to ensure uniform thickness and distribution of powders. Quantum yield (QY) was measured in a calibrated integrating sphere setup and power density used was 100 W/cm 2 [32] . The synthesized samples were also spin coated on a quartz plate and used for measuring solid state UV-vis-NIR absorption spectra with a Lambda 1,050 UV/vis/NIR (Perkin-Elmer, UK) spectrometer. The magnetic measurements were carried out with a superconducting quantum interference device (SQUID) magnetometer at the room temperature. T 1 -weighted MRI were acquired on a 1.5 T MR scanner (Symphony; Siemens Medical systems, Erlangen, Germany) using a head-coil. Imaging parameters were as follows: Sequence: spin echo; repetition time (TR): 
Results and discussion
To confirm the composition and the crystallinity of the synthesized NaGdF 4 [37] . No impurity crystalline phase was found in the diffraction pattern. The pattern revealed that highly pure NaGdF 4 NCs with good crystallinity had been formed. Figure 2 shows representative transmission electron microscopy (TEM) images of the resulting NCs. As shown in Fig. 2(a [27] . In a further investigation, the high-resolution TEM (HRTEM) image in Fig. 2(b) demonstrates lattice fringes in the individual nanoparticles showing the highly crystalline nature of the NCs. The lattice fringes indicate an interplanar distance of 0.52 nm which can be indexed to the d-spacing value of (10 1 -0). The corresponding fast Fourier transform (FFT) pattern of the NCs (inset in Fig. 2(b) (Fig. 5(a) ). This is due to the absorption of Tm 3+ ions corresponding Tm 3+ : 3 H 6 -3 F 4 transitions around 800 nm as shown in Fig. 3 . Thus, Tm 3+ is capable of absorbing extra light to enhance the emission intensity. Likewise, the apparent enhancement of intensity in the range 500-530 and 570-600 nm in UC (Fig. 5(b) (0.2 mol%) is replaced with NaYF4 synthesized using the same method, the integrated intensity of Yb 3+ around 1,000 nm, especially the three Nd 3+ bands, corresponding to 860-900, 1,060, and 1,330 nm, decreases markedly (Fig. 5(c) ). In Fig. 5(d) (Fig. 5(d) ). Recently, Liu et al. [44, 45] reported that migratory Gd 3+ ions can extract the excitation energy from high-lying energy states of Yb 3+ /Tm 3+ pairs as photon accumulators followed by energy hopping through the Gd 3+ ions and trapping of the migrating energy by the activator ions, Nd 3+ , embedded in host lattices in the process of UC. To further verify the Gd-Nd energy transfer process (ET 4 in Scheme 1), he absorption spectra of undoped NaGdF 4 , NaGdF 4 :Nd (3%), and the emission spectrum of NaGdF 4 :Nd (3%) were investigated as shown in Fig. 6 . There are two absorptions around 274 nm (Gd 3+ ) Figure 6 Absorption spectra of NaGdF 4 and NaGdF 4 :Nd (3%), and emission spectrum of NaGdF 4 :Nd (3%). Inset: magnified spectrum in the range 330-380 nm. H 5 ), the emission intensity of these bands, I emission , was recorded as a function of laser pumping power (P) and plotted using the I emission  P n relation with n as the number of incident photons in the emission of an upconverted photon. The emission spectra were taken up to 334 mW pumping power focused on a 3.14 mm 2 area at the surface of Fig. 7 , indicate the involvement of two incident photons in the UC emission.
Scheme 1 Proposed energy transfer mechanisms in
In an attempt to probe the influence of Yb 3+ /Tm 3+ pair in NaGdF4:Nd 3+ , Yb 3+ , Tm 3+ , we conducted a series of control experiments by varying the doping concentrations of Yb 3+ and Tm 3+ to compare the photoluminescence emission intensity (Fig. 8) [48] . The DC emission absolute QY of 1.06% was measured, and exhibits a much higher value than the UC QYs in the range of 0.005% to 0.3% for NaYF 4 : 2% Er 3+ , 20% Yb 3+ nanoparticles [49] . Previous observations by Wen et al. [50] showed the possibility of using NaYbF 4 :Nd@Na(Yb,Gd)F 4 :Er@NaGdF 4 as a potential UC bioprobe based on penetration depth experiments with pig skins. Herein, a proof of penetration depth experiment through tissue was conducted by placing the NaGdF 4 :Nd 3+ (3 mol%), Yb 3+ (2 mol%), Tm 3+ (0.2 mol%) NCs under different thicknesses of pig skins ranging from 0 to 10 mm. The emission spectra for each thickness in the NIR and visible light regions under excitation at 800 nm are shown in Figs. 10(a) and 10(b) , respectively. It can be seen that the NIR light is more easily discernible even at the largest tissue thickness of 10 mm than visible light, which cannot be detected even at a thickness of 3 mm. Therefore, the fact that both the excitation and emission of NaGdF 4 (-20 to +20 kOe), also exhibit a linear correlation with a magnetization value of 1.88 emu/g at 20 kOe, suggesting that the NCs are paramagnetic at room temperature ( Fig. 11(a) ). The paramagnetism is generated by the intrinsic magnetic moment of Gd 3+ ions having non-interacting 
·S
-1 . In a proof-of-concept application as a T 1 -weighted MRI contrast agent, representative T 1 -weighted MRI of the NCs suspensions clearly show the positive enhancing effect on T 1 -weighted sequences as the Gd 3+ concentration increases as shown in Fig. 11(c) (0.2 mol%) NCs, the current work paves the way for their potential application in bioimaging and magnetic resonance imaging.
